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2 
What's New in GEM 


Simulator Changes 


Temperature Dependent Compaction and Dilation Tables 


Temperature is introduced as an independent variable in addition to pressure in compaction and 


dilation modeling. This is intended to model the effect of temperature variation during compaction 


and dilation, for instance to study potential thermal fracturing in reservoirs with colder/warmer 


fluid injection. 


See template data sets gmsmo150 and gmsmo161. 


New Imbibition Capillary Pressure Scaling Option 


In addition to the existing full-range saturation scaling method (*FULLRANGE) for reading the 


boundary imbibition curve in oil-water capillary pressure hysteresis, two new methods (*SORMIX 


and *COMBINED) are implemented. The new options provide flexibility in controlling the 


curvature of formed scanning curves. 


Please refer to the manual page for *PCOWI_SCALE and template data sets gmsmo162 and 


gmsmo163. 


Setting up of the initial Trapped Oil Saturation (*SORM) 


A new optional sub-keyword *RELAX has been added to *SORM allowing trapped oil data to be 


modified so as not to exceed specified residual oil saturations from the drainage relative 


permeability tables or from the user input grid block residual oil saturations. 


Please refer to the manual page for *SORM and template data set gmsmo164. 


GEM-Surface Network Modeling – IPR Correction 


An algorithm is added for IPR correction based on average pressure in the well drainage area. 


Pressure in the drainage area, PDRAIN is written out to the communication file for models using 


outboard protocol. The surface networks may use PDRAIN to correct the IPR. 


For GEM-GAP link, IPR correction based on drainage area pressure is done within GEM itself 


with command-line option -ipr_cor. Use this feature for models where well rates show oscillatory 


behavior. 


New Option for Heat-Loss Calculations 


An optional heat-loss model is now available through keyword *HEAT-LOSS *VW-S, which is a 


modification of traditional Vinsome-Westerveld (*VW) model. We found the heat-loss calculated 


by the two models to be in close agreement in most cases, but in certain dual-continua models 


the new *VW-S method was found to be more robust. 


Please refer to manual page for *HEAT-LOSS and template data set gmthr001. 


Aqueous Phase Density 


The aqueous density output for sector is now made consistent with the grid-block based output. 


Additionally, aqueous phase density calculations have been improved for non-isothermal cases. 


Surface Complexation 


The convergence criterion for surface complexation equations has been simplified and a critical 


fix has been made to avoid potential failure during surface complexation modeling. 
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Chemical Equilibrium and Mineral Reactions 


The upper limit of damping factors for Chemical Equilibrium and TST Mineral Reactions has been 


increased to allow validation with the equivalent Mineral Equilibrium Reactions. 


Outboard Scanning for CMG Python Editor 


GEM now supports scanning of group, sector, and well-completion layer information from the 


data file for making it available to the CMG’s Python Editor. 


Output Enhancements 


Additional Geomechanics Items including those Related to Fault Modeling 


Thirty geomechanics items including those related to fault modeling option have been added that 


can now be output via *OUTSRF *GRID, and *OUTPRN *GRID. Twenty-seven of these items are 


also available through *OUTSRF *SPECIAL. 


Please refer to manual pages and template data sets gmgmc90-gmgmc092. 


Geomechanics Changes 


Fault Reactivation Modeling 


Fault reactivation modeling option is now available in GEM. The feature is used to trigger flow 


across or along a fault by using geomechanics. Two options are available: 


(a) Modeling fault by changing fault transmissibility, TRANSF, when geomechanical slip 


tendency exceeds a critical value, such that fluid flow across the fault could occur. 


(b) Modeling fault by representing the fault plane with thin grid blocks and computing fluid flow 


within and through them. These fault blocks have all the flow properties like any other 


reservoir grid block, so the fluid can flow through them when computed slip tendency 


between the fault grid block and the adjacent reservoir grid block exceeds a user specified 


threshold. The main advantage of using the fault grid blocks is that fluid can flow to the other 


over/underlying zones along the fault 


Please refer to manual pages and template data sets gmgmc90-92. 


Grid Section Changes 


Planar Fracture Template Input for Propped and Unpropped Zone 


The new keywords (*PROPPED_BWHLEN, *PROPPED_HEIGHTUP, 


*PROPPED_HEIGHTDOWN) are introduced to specify a propped- and unpropped-zone inside 


the fracture zone. 


The two new keywords (*PROP, *UNPROP) are used to assign properties to propped and 


unpropped zone, respectively. 


The existing keyword *ELLIPTICAL_DISTRIBUTION was previously applied only to the 


permeability distribution. Now it will also be applied to other spatial property as well if propped 


zone is defined. 







 


4 
What's New in GEM 


To use the propped/unpropped feature, *PROPPED_BWHLEN must be non-zero and either 


*PROPPED_HEIGHTUP or *PROPPED_HEIGHTDOWN must also be non-zero. If 


*ELLIPTICAL_DISTRIBUTION is *ON, both *PROPPED_HEIGHTUP and 


*PROPPED_HEIGHTDOWN must be non-zero. 


Cutoff and Modification of Property Distribution Data 


The *CUTOFF option after *PDD specifies a minimum conductivity below which the conductivity 


values will be filtered out. The *MOD option after *PDD modifies the original PDD data. The new 


keyword *PDD_NAME in a Planar Fracture Template is to associate a PDD with planar fractures 


created by the template. The PDD names support wildcarding (? and *) so that the CUTOFF / 


MOD option can be applied to a group of PDDs. The fracture size (i.e., bi-wing lengths and 


heights) will be determined by the associated PDD and the cutoff operation will be applied to it. 


New Option *FG for *LAYERSUP/*LAYERSDOWN 


A new option *FG is added to bring consistency in treatment for the fracture in the local grid 


refinement. 


Cut-off for Discrete Fracture Segment Volume 


New keyword *DFSCUTOFF vol nulls out discrete fracture grid blocks whose volume is less than 


vol. The keyword is like *PVCUTOFF but applies to discrete fracture grid-blocks. It can be useful 


in improving the simulator performance by nulling-out small volume discrete fracture segments in 


the model. 


Improvement in Array Reading Filters 


A replacement value can be given after *MINVAL / *MAXVAL. The new syntax is *MINVAL / 


*MAXVAL val1 val2 (while the old syntax is *MINVAL / *MAXVAL val1). If the candidate value is 


beyond the threshold val1 and the second value val2 has been specified, the candidate value will 


be replaced by val2 alternatively. 


Managing of Connection Array Working Space 


The algorithm is improved to manage connection array space for handling large number of grid-


blocks especially for models using parallel processing. 


Well Management Changes 


New Constraints for Group Control 


New constraints for group production control, *BHO, *BHG and *BHW, have been added for 


*GCONP *MAX and *GCONP *GTARGET. These controls were previously available only for 


injection groups. 


Handle Models with a Large Number of Triggers 


The upper limit of triggers in a dataset has been relaxed to allow use of a large number of 


triggers, if necessary. 
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Template Dataset Changes 


The following Table lists new or modified template data files. 


GMGRO037 Demonstrate use of keyword *PINCHVGAP *SKIP 


GMGMC090 Fault Reactivation through fault grid blocks -- dual continua Case 


GMGMC090 Fault Reactivation Modeling fault grid blocks -- single porosity Case 


GMGMC092 Fault Reactivation Modeling without fault grid blocks 


GMSMO160 Use of Temperature Dependent Rock Compaction Tables 


GMSMO161 Use of Temperature Dependent Rock Dilation Tables 


GMSMO162 Capillary Pressure Scaling Option *PCOWI_SCALE *COMBINED 


GMSMO163 Capillary Pressure Scaling Option *PCOWI_SCALE *SORMIX 


GMSMO164 Use of *SORM *RELAX in a 2-D Miscible Flood model 


GMTHR001 Use *VW-S Model for Heat-Loss Calculation 


GMTHR012 Model with varying thermal properties 


Miscellaneous Changes / Bug Fixes 


Bug-Fixes/Improvements 


• Fixed assignment of *BG without *FZ or *NFZ. 


• Fixed reading of DFN data in FAB format. 


• Fixed parallel execution of models with tracers that use total variation diminishing (TVD) 


scheme. 


• Improved Log (saturation Index) plotting. 


• Fixed pressure entries in IPR tables for wells with backflow. 


• Fixed initialization of component array being passed to surface network. 


• Fixed thermal conduction in models with variable thermal conductivity. 


• Fixed an error in connectivity of grid blocks through pinched out blocks. 


Data Incompatibilities with Previous Versions of GEM 


Restarts generated from previous versions are not compatible with this version of GEM due to 


additional reading/writing of data. 


 








Class VI Application, Section 2 - Orchard Well #1 Page 1 of 45 


SECTION 2 – PLUME MODEL 


 
TABLE OF CONTENTS 


2.1 Introduction ........................................................................................................................................ 3 


2.2 Model Inputs ...................................................................................................................................... 3 


2.2.1 Trapping Mechanisms ................................................................................................................ 3 
2.2.2 Structural and Stratigraphic Elements ......................................................................................12 
2.2.3 Relative Permeability and Capillary Pressure ...........................................................................14 
2.2.4 Initial Conditions .......................................................................................................................19 
2.2.5 Injection Rate ............................................................................................................................22 
2.2.6 Injected Fluids Composition .....................................................................................................23 
2.2.7 Completion Plan .......................................................................................................................23 


2.3 Model Orientation and Gridding Parameters ..................................................................................25 


2.3.1 Spatial Conditions .....................................................................................................................25 
2.3.2 Boundary Conditions ................................................................................................................26 
2.3.3 Model Time Frame ...................................................................................................................29 


2.4 CO2 Plume Model Results .................................................................................................................30 


2.4.1 Critical Pressure Front ..............................................................................................................34 
2.5 Area of Review Delineation ..............................................................................................................40 


 


 


 


Figures 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 







Class VI Application, Section 2 - Orchard Well #1 Page 2 of 45 


 
 
 
 
 
 
 
 


 


Tables 


 
 
 
 
 
 
 
 


 


 







Class VI Application, Section 2 - Orchard Well #1 Page 3 of 45 


2.1 Introduction 
 
This section discusses key details of the plume model.  The model characterizes the performance of 
CO2 injection wells, the 3D spatial distribution of the CO2 plume, and the associated pressure front 
over time.  It incorporates hydrogeologic data with subsurface flow physics to model the significant 
physical processes that affect the plume and pressure front evolution.  The distribution of the plume 
and pressure front defines the area of review (AOR) for the well, a corrective action plan if necessary, 
and the overall viability of the project.  
 
While the following discussion specifically focuses on the  well,  


 
 


 This also helps to verify that the pressure of the 
reservoir remains below the fracture pressure gradient limits of the formation during combined 
injection operations. 
 
The modeling software used to evaluate this project was Computer Modelling Group’s GEM 2022.10 
(GEM) simulator.  Computer Modelling Group (CMG) has put together one of the most accurate and 
technically sound reservoir simulation software packages for conventional, unconventional, and 
secondary recovery.  GEM uses equation-of-state (EOS) algorithms and some of the most advanced 
computational methods to evaluate compositional, chemical, and geochemical processes and 
characteristics, to produce highly accurate and reliable simulation models for carbon sequestration. 
 
For the purposes of injection into a reservoir, CO2 can be a relatively complex component in the 
supercritical phase as seen in downhole conditions.  The GEM simulator utilizes the compositional 
methods described, along with equations specific to CO2, to effectively model and simulate plume 
behavior within the injection intervals. 
 


 
 
 
 
 


  
2.2 Model Inputs 
 
2.2.1 Trapping Mechanisms 
 
The CO2 injected into the reservoir will take the form of a mobile CO2-rich supercritical phase.  In 
this phase, the CO2 will displace reservoir fluids as it moves laterally and vertically into the reservoir.  
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Movement of the CO2 phase does not continue indefinitely.  As the CO2 moves both vertically and 
horizontally, various trapping mechanisms immobilize the CO2 within the reservoir.   


 
 
 
 


 
2.2.1.1 Upper Confining Zone 


 
 
 


  
 
2.2.1.2 Residual Gas Trapping 
While the CO2 will remain in the supercritical phase within the storage interval (“reservoir”), the 
gas-liquid relative permeability relationships will govern fluid flow between the CO2 and liquid 
phases present.   


 
 


 
 
 
 
 
 
 


 (Land C. S., 1971).   
 


 
 
 
 


(Land C. , 1968).  
 


  
(Keelan, 


1975).  
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2.2.1.3 Solubility Trapping in Brines 
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2.2.1.5 Structural Trapping 
 
 
 
 


   
 
2.2.1.6 Geochemical Trapping 
Mineral trapping can also occur due to the adsorption of CO2 onto clay minerals.  Once hysteresis 
and solubility trapping have been included in the model, geochemical formulae can be added 
through an internal geochemistry database to describe mineral trapping reactions.  For aqueous 
reactions, the following formulae can be used: 
 


𝐶𝐶𝑂𝑂2(𝑎𝑎𝑎𝑎) + 𝐻𝐻2𝑂𝑂 = 𝐻𝐻+ + 𝐻𝐻𝐶𝐶𝑂𝑂3− 
𝐶𝐶𝑂𝑂3−2 + 𝐻𝐻+ = 𝐻𝐻𝐶𝐶𝑂𝑂3− 
𝑂𝑂𝐻𝐻− + 𝐻𝐻+ = 𝐻𝐻2𝑂𝑂 


 
These three reactions are all common ionic reactions that can occur in the reservoir between water 
and/or CO2.  The following formulae show the mineral reactions that may be used within the model.  
Each of these is a common mineral that may be found in carbonates in an underground aquifer and 
cause the precipitation of carbon oxides in a solid state:  
 


𝐴𝐴𝐴𝐴ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (𝐶𝐶𝑎𝑎𝑆𝑆𝑂𝑂4) =  𝐶𝐶𝑎𝑎2+ +  𝑆𝑆𝑂𝑂42− 
𝐶𝐶𝑎𝑎𝐶𝐶𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦 (𝐶𝐶𝑎𝑎𝐶𝐶𝑂𝑂3) + 𝐻𝐻+ = 𝐶𝐶𝑎𝑎2+ + 𝐻𝐻𝐶𝐶𝑂𝑂3− 


𝐷𝐷𝐷𝐷𝐶𝐶𝐷𝐷𝐷𝐷𝑦𝑦𝑦𝑦𝑦𝑦 (𝐶𝐶𝑎𝑎𝐶𝐶𝐶𝐶(𝐶𝐶𝑂𝑂3)2) + 2𝐻𝐻+ = 𝐶𝐶𝑎𝑎2+ + 2(𝐻𝐻𝐶𝐶𝑂𝑂3−) + 𝐶𝐶𝐶𝐶2+ 
𝐼𝐼𝐶𝐶𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦 (𝐾𝐾6𝐶𝐶𝐶𝐶25𝐴𝐴𝐶𝐶2.3𝑆𝑆𝑦𝑦3.5𝑂𝑂10(𝑂𝑂𝐻𝐻)2) + 8𝐻𝐻+ = 2.3𝐴𝐴𝐶𝐶3+ + 5𝐻𝐻2𝑂𝑂 + 0.6𝐾𝐾+ + 0.25𝐶𝐶𝐶𝐶2+ + 3.5𝑆𝑆𝑦𝑦𝑂𝑂2 


𝐾𝐾𝑎𝑎𝐷𝐷𝐶𝐶𝑦𝑦𝐴𝐴𝑦𝑦𝑦𝑦𝑦𝑦 �𝐴𝐴𝐶𝐶2𝑆𝑆𝑦𝑦2𝑂𝑂5(𝑂𝑂𝐻𝐻4)� + 6𝐻𝐻+ = 5𝐻𝐻2𝑂𝑂 + 2𝐴𝐴𝐶𝐶3+ + 2𝑆𝑆𝑦𝑦𝑂𝑂2 
𝐾𝐾 − 𝐹𝐹𝑦𝑦𝐶𝐶𝑦𝑦𝐹𝐹𝐹𝐹𝑎𝑎𝑦𝑦 (𝐾𝐾𝐴𝐴𝐶𝐶𝑆𝑆𝑦𝑦3𝑂𝑂8) + 4𝐻𝐻+ = 2𝐻𝐻2𝑂𝑂 + 𝐴𝐴𝐶𝐶3+ + 3𝑆𝑆𝑦𝑦𝑂𝑂2 


 
While geochemical trapping can have a greater impact on carbon dioxide over hundreds or 
thousands of years, the short-term effects of these trapping mechanisms are relatively small, and 
fluid movement is predominated by hydrodynamic and solubility trapping.   Inclusion of geochemical 
reactions and trapping mechanisms into the GEM simulator does create significant computational 
burden on the model runs.  Because the impacts are not significant, the geochemical processes have 
not been included in the simulation cases. 
 
2.2.1.7 Trapping Summary 
After the containment zone overlying the reservoir, the significant mechanisms by which CO2 is 
trapped in the storage interval  
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2.2.2 Structural and Stratigraphic Elements 
 
The model was built using the geologic data described in Section 1 – Site Characterization, which 
describes how the analysis of well logs, core data, and seismic data were used to generate structure 
maps and hydrogeology, and to define other rock properties.   
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Vertical Permeability 
Permeability normal to the bedding plane is usually lower than the permeability in the parallel 
direction.  In most cases, “normal to the bedding plane” equates to vertical permeability, while the 
parallel-direction permeability corresponds to horizontal permeability.  This contrast is caused by 
vertical heterogeneity over multiple scales, from very small (fractional inch) through many feet in 
range.  By comparison, the scales of heterogeneity in the horizontal orientation will be significantly 
larger. 
 


 
  
 
 
 
  
 


 
2.2.3 Relative Permeability and Capillary Pressure 
 
Relative permeability curves were generated using the industry standard power law model based 
on the approach developed by Corey (Corey, 1954).  In this model, the relative permeability for the 
respective water and supercritical gas phases are based on the normalized saturation, scaled 
between the end points of mobility for a respective phase, and raised to an exponent value (termed 
the “Corey exponent”).  Relationships for water and gas relative permeabilities can be expressed 
with the following equation.  The gas relative permeability applies to the supercritical CO2 phase. 
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𝑘𝑘𝑟𝑟𝑤𝑤 =  𝑘𝑘𝑟𝑟𝑤𝑤𝑟𝑟𝑔𝑔  �
(𝑆𝑆𝑤𝑤 − 𝑆𝑆𝑤𝑤𝑟𝑟)


(1 − 𝑆𝑆𝑤𝑤𝑟𝑟 − 𝑆𝑆𝑔𝑔𝑟𝑟)
�
𝑛𝑛𝑤𝑤


 


And 


𝑘𝑘𝑟𝑟𝑔𝑔 =  𝑘𝑘𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟 �
(𝑆𝑆𝑔𝑔 − 𝑆𝑆𝑔𝑔𝑟𝑟)


(1 − 𝑆𝑆𝑤𝑤𝑟𝑟 − 𝑆𝑆𝑔𝑔𝑟𝑟)
�
𝑛𝑛𝑔𝑔


 


 


With variables defined as follows: 


 krw, krg  = Relative permeability to water and gas phases, respectively 


 krwcg  = Water relative permeability endpoint, krw at critical gas saturation 


 krgrl = Gas relative permeability endpoint, krc at irreducible water saturation 


 Sw, Sg = Water and gas saturations, respectively 


 Swc  = Irreducible saturation of water 


 Sgc = Critical saturation of gas 


 nw, ng = Corey exponents for water and gas curves, respectively 
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When considering a relative permeability relationship, it is important to look at the data in the 
context of reservoir conditions, using in situ fluid properties by the generation of a fractional flow 
curve.  Absent gravity effects, the fractional flow of CO2 versus saturation is calculated using the 
relationship: 


𝑓𝑓𝑔𝑔 =
1


1 +
𝜇𝜇𝑔𝑔
𝜇𝜇𝑤𝑤


𝑘𝑘𝑟𝑟𝑤𝑤
𝑘𝑘𝑟𝑟𝑔𝑔


 


 


Where fg represents the volume fraction of the gas (supercritical CO2), μg and μw represent the in 
situ viscosity for the CO2 and brine, and krw and krg represent the relative permeability for the brine 
and CO2 at the saturations evaluated.  


   


 
 (Buckley & Leverett, 1942) (Welge, 1952).   
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2.2.3.1 Capillary Pressure Relations 


 
  Low 


permeabilities together with associated high capillary entry pressures will combine to prevent flow 
through the confining interval.  
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2.2.4 Initial Conditions 
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2.2.5 Injection Rate 
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2.2.6 Injected Fluids Composition  


 
 
 
 
 
 


   
 


 
 
 
 
 
 


   
 
2.2.7 Completion Plan 
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2.3 Model Orientation and Gridding Parameters 
 
2.3.1 Spatial Conditions 
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 (Leibrock, Hiltz, & and 


Huzarevich, 1951).   
 
 
 
 
 
 


 
 


 
 
 
 
 


 (Craft & Hawkins, 1959). 
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2.3.3 Model Time Frame 
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2.4.1 Critical Pressure Front 
 
The second component to defining the AOR is the determination of the extent of the critical 
pressure front.  The worst-case scenario for moving reservoir fluids to the Underground Source of 
Drinking Water (USDW) would be through an improperly plugged and abandoned wellbore or 
subsurface feature that is open in the base of the USDW and at the top of the injection interval.  This 
resultant pressure is referred to as the critical pressure.  The methodology for finding critical 
pressure was sourced from Environmental Protection Agency (EPA) Method 1 guidance, for 
calculations based on displacing fluid initially present in the borehole in the hydrostatic case. 
 


 
  
 
 
 
 


 (McCain, 1991). 
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2.5 Area of Review Delineation 
 
Title 16 of the Texas Administrative Code (TAC) §5.203(d)(1) [Title 40, U.S. Code of Federal 
Regulations (40 CFR) §146.84(b)] requires that an AOR be delineated for a Class VI carbon 
sequestration well application.  The EPA defines the AOR as the greater of either the maximum 
extent of the separate-phase plume (pore occupancy plume) or the pressure front where the 
pressure buildup is of sufficient magnitude to force fluids from the injection zone into the formation 
matrix of a USDW.  Both parts of this definition were analyzed to define the Orchard #1 AOR. 
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3.1 Introduction 
 
Title 16 of the Texas Administrative Code (TAC) §5.203(d)(1) [Title 40, U.S. Code of Federal 
Regulations (40 CFR) §146.84(b)] requires that an area of review (AOR) be conducted for a Class 
VI carbon sequestration well application.  The Environmental Protection Agency (EPA) defines 
the AOR as the greater of either the maximum extent of the separate-phase plume (pore 
occupancy plume) or the pressure front where the pressure buildup is of sufficient magnitude to 
force fluids from the injection zone into the formation matrix of an Underground Source of 
Drinking Water (USDW).  Both parts of this definition were analyzed for the Orchard  AOR. 
 
3.2 Model Background 
 
Model Name and Version: GEM 2022.10 
 
Model Authors/Institution: Computer Modelling Group, Ltd. 
 
Description of model: Equation-of-state (EOS) reservoir simulator for compositional, chemical, 
and unconventional reservoir modeling. 
 
3.3 Model Inputs and Assumptions 
 
The input parameters for the GEM model are summarized in Table 3-1.  These parameters are 
based on the values estimated at the Orchard  location.  
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3.4 Site Geology and Hydrology 
 
A 3D computational model of the geologic layers from  


was constructed using 
Schlumberger’s PetrelTM software.  The results from the site characterization work were used as 
inputs to create static (geologic) and dynamic (simulation) models.  
 
3.4.1 Surfaces 
 


 
 
 


 
 
3.4.2 Mesh 
 
The 3D mesh (or grid) was created using the surfaces as inputs.  The horizontal (I-J) grid 
dimensions in the static model are  


  Table 3-2 shows the cell count and average thickness for the vertical cells in the 
static model within the Orchard area.  Figure 3-1 shows a map of the static model grid boundary. 
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3.4.3 Property Distribution 
 
Properties (e.g., porosity, permeability) were populated in all cells  


 layers in the 3D static model.  
 


 
3.4.3.1 Facies 
The site characterization results incorporate facies determinations to build the porosity and 
permeability models  
 
3.4.3.2 Porosity 
Cross-plot porosity was calculated for wells with both neutron and density well logs.  The porosity 
was upscaled from well logs (resolution approximately 0.25’) to grid cells  


 via arithmetic averaging.  Figure 3-2 shows a comparison of the well logs and 
the upscaled porosity values within grid cells for the type well.  A normalized score of the porosity 
data using all the upscaled porosity data was completed prior to distributing porosity between 
well locations in the grid.  
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3.4.3.3 Permeability 
Permeability was calculated for each cell with porosity for the injection zone within the 3D static 
model by applying  


 
 


 
 


 
 


 
 
Figures 3-9 and 3-10 show selected snapshots of cross sections (approximately north-south and 
east-west) of the permeability 3D property from the static model. 
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Pore space rights are critically important when evaluating a project’s potential due to the 
classification of carbon injection wells as storage wells rather than disposal wells.  To mitigate 
the risk of an uneconomically viable project, operating strategies and reservoir management 
practices were designed with the utmost care to maintain control of the resulting subsurface 
injectate plume extent. 
 
The area determined for pore space rights was used to identify landowners within the CO2 plume 
area.  


 
  


 
   


 
3.6 Area of Review: Pressure Front 
 
A second component of the AOR delineation considers the pressure front created by the injection 
of fluids into a previously stable reservoir.  Both calculation and computational modeling 
determine this AOR.  The pressure buildup that could cause potential fluid migration is 
determined for either insufficiently plugged and abandoned artificial penetrations, or subsurface 
features that are found to penetrate the upper confining interval of the gross injection zone. 
 
The worst-case scenario for moving reservoir fluids to the USDW would be through an improperly 
plugged and abandoned wellbore or subsurface feature that is open both at the base of the 
USDW and at the top of the injection interval.  This resultant pressure is referred to as the critical 
pressure.  The methodology for finding critical pressure was sourced from EPA Method 1 
guidance for calculations based on displacing fluid initially present in the borehole in the 
hydrostatic case. 
 
Nearby Texas Railroad Commission (TRRC) Groundwater Advisory Unit (GAU) letters  
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• Upon detection of a significant change in the plume 
• As otherwise warranted by routine monitoring or operational conditions 


 
Wells identified requiring corrective action within the reevaluated AOR will be addressed in an 
amended AOR and corrective action plan that will be submitted to the EPA Underground 
Injection Control (UIC) Program Director for approval.  Once approved, all amendments and 
corrective plans will be incorporated into the permit and subjected to permit alteration 
requirements. 
  
If the evaluation does not result in changes to the AOR or the corrective action plan, Orchard 
Storage will demonstrate to the UIC Program Director that such changes are not needed, by 
providing the supporting monitoring data and model results.  All model inputs and data used in 
AOR reevaluations will be retained for 10 years. 
 
3.8 Operating Strategies Influencing Reservoir Modeling Results 
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The shape and lateral extent of the stabilized plume for the proposed well is illustrated in Figure 
3-15.  This extent was used to determine the initial project AOR. 
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3.9 Area of Review Results 
 


 
 
 
 


 
 


 No faults, other geologic features, or other 
man-made structures were found within the AOR that could affect the integrity of the disposal 
intervals for permanent CO2 sequestration. 
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3.10 Corrective Action Plan and Schedule 
 
As discussed above, the AOR is described as the maximum area covered by the plume extent and 
pressure front boundaries.  The plume extent considers the pore space occupied by the CO2 
plume as determined by the reservoir modeling results, as explained in Sections 3.5 and 3.6.  The 
pressure front covers a calculated distance where the injected CO2 could pressure up the 
reservoir enough to allow brine and other formation fluids to be pushed upward into a USDW.  
The calculations for determining this area were included in Section 3.6.  No wells were found to 
be present within the bounds of the AOR.   
 
Upon each reevaluation of the AOR, a new review of all artificial penetrations and other geologic 
structures will be performed and the corrective action plan updated as needed. 
 
3.11 Area of Review Revaluation Plan and Schedule 
 
3.11.1 Proposed Reevaluation Cycle 
 
In accordance with 16 TAC §5.203(d)(2)(B)(i) [40 CFR §146.84(b)(2)(i)], Orchard Storage will 
reevaluate the AOR at least every five years or upon a triggering event.  Table 3-8 provides a list 
of these possible triggers.  The evaluations will be used to validate the plume model against actual, 
empirical results.  
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3.12 Conclusion 
 
The results of this AOR investigation validate the favorable conditions for carbon sequestration 
at the proposed Orchard  area.   


  Unless otherwise triggered 
by one of the cases above, the AOR investigation will be reevaluated at least every five years. 
 


 
 


   
   
   
   
   
   


 












 


Class VI UIC Area of Review and Corrective Action 


This submission is for: 


      Project ID:    R06-TX-0009  


      Project Name:    Orchard  


      Current Project Phase:    Pre-Injection Prior to Construction  


 


Overview 


Simulator Used for AoR delineation modeling: GEM 


Version Used: 2022.10 


Simulator Description/Documentation: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-


31-2023-1217/GEM_2022.10.pdf 


Total Simulation Time From Start of Injection: -999 days 


Additional AoR Delineation Information: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-


01-31-2023-1217/CBI_AOR_1.pdf 


 


Model Domain 


Coordinate System: State Plane 


      Horizontal Datum: NAD83 


      Coordinate System Units: ft 


      Vertical Datum: Reference Elevation 


      Describe Vertical Datum: -999 


      Zone: -999 


      FIPSZONE: -999   ADSZONE: -999 


Mesh Type: Hexahedral Cartesian 


Domain Size in Global Units Specified Above 


      Hexahedral Cartesian  


      Domain Coordinates File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-


1217/CBI_AOR_2.pdf 


      Angle of Inclination in X Direction: -999   Dips in the Direction of: increasing x 


      Angle of Inclination in Y Direction: -999   Dips in the Direction of: increasing y 


Grid Size 


      Number of Nodes in    x: -999   y: -999   z: -999 


Grid Spacing: Constant 


      Grid Spacing in    x: -999   y: -999   z: -999 


Grid File Format: ASCII file containing vertices and elements 


      Grid File Description: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-


1217/CBI_AOR_4.pdf 


      Grid Data File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-


1217/CBI_AOR_5.pdf 


Faults Modeled: Yes 


      Fault Coordinates File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-


1217/CBI_AOR_6.pdf 


Caprock Modeled: Yes 


Image File(s) for Model Domain Grid: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-


31-2023-1217/CBI_AOR_7.pdf 


 


Processes Modeled by Simulator 


Reservoir Conditions: 


Supercritical CO2 Conditions 


Phases Modeled: 


Aqueous   Supercritical CO2 


Aqueous Phase: 



https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/GEM_2022.10.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/GEM_2022.10.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_1.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_1.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_2.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_2.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_4.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_4.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_5.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_5.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_6.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_6.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_7.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_7.pdf





      Phase Compressibility: Compressible 


             Compressibility Value: -999 1/Pa 


      Phase Composition: Compositional 


      Aqueous Phase Components: 


Supercritical CO2 Phase: 


      Phase Compressibility: Compressible 


      Phase Composition: Compositional 


      Supercritical CO2 Phase Components: 


Equation of State Description Including Reference: Peng-Robinson Equation of State 


      File with EOS Reference or Documentation: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-


PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_8.pdf 


Multifluid Flow Processes: 


Thermal Conditions: Isothermal 


      Heat Transport Processes: 


Geochemistry Modeled: Yes 


      File Describing Geochemistry Modeling: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-


PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_12.pdf 


Geomechanical/Structural Deformations Modeled: Yes 


      File Describing Geomechanical/Structural Modeling: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-


PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_13.pdf 


 


Rock Properties and Constitutive Relationships 


Porosity/Permeability Model 


Porosity Distribution: Heterogeneous 


      Spatially Variable Porosity File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-


2023-1217/CBI_AOR_9.pdf 


      File Describing how Porosity was Determined and Assigned to Numerical Model: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-


0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_10.pdf 


          Image Files for Porosity Distributions: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-


PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_11.pdf 


Permeability Distribution: Heterogeneous 


      Spatially Variable Permeability File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-


01-31-2023-1217/CBI_AOR_14.pdf  mD 


      File Describing how Permeability was Determined and Assigned to Numerical Model: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-


TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_15.pdf 


          Image Files for Permeability Distributions: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-


PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_16.pdf 


      Number of Rock Types Modeled: -999 


          Description of Rock Type Selection and Assignment: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-


PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_17.pdf 


          Rock Type Distribution Data File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-


01-31-2023-1217/CBI_AOR_18.pdf 


          Image Files for Rock Type Distribution: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-


PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_19.pdf 


 


Boundary Conditions 


      Attach Boundary Conditions Description File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-


PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_20.pdf 


 


Initial Conditions 


Initial Phases in Domain:  


 


Operational Information 
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https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_19.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_20.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_20.pdf





Number of Injection Wells: -999 


 


Model Output/Results 


      Provide file name and corresponding spatial location for each file: -999 


      Time-Series File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-


1217/CBI_AOR_21.pdf 


      Provide file name and corresponding variable and time stamp for each file: -999 


      Snapshot File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-


1217/CBI_AOR_22.pdf 


      Provide file name and corresponding description of surface for each file: -999 


      Surface Flux File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-


1217/CBI_AOR_25.pdf 


 


AoR Pressure Front Delineation 


Lowermost USDW: 


      Name of Lowermost USDW: -999 


      Water Density: -999 gm/cm^3   at Elevation: -999 ft 


             Location of Measurement for Density: -999 


      Temperature: -999 F   at Elevation: -999 ft 


             Location of Measurement: -999 


      Pressure: -999 psi   at Elevation: -999 ft 


             Location of Measurement: -999 


      Salinity: -999 ppm   at Elevation: -999 ft 


             Location of Measurement: -999 


      Elevation of bottom of USDW: -999 m 


Injection Zone: 


      Name of Injection Zone: -999 


      Water Density: -999 gm/cm^3   at Elevation: -999 ft 


             Location of Measurement: -999 


      Temperature: -999 F   at Elevation: -999 ft 


             Location of Measurement: -999 


      Pressure: -999 psi   at Elevation: -999 ft 


             Location of Measurement: -999 


      Salinity: -999 ppm   at Elevation: -999 ft 


             Location of Measurement: -999 


      Elevation of top of Injection Zone: -999 ft 


Method of Estimating Critical Pressure: Static Mass Balance 


      Assumptions: -999 


      File Describing Critical Pressure Estimation: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-


PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_23.pdf 


      Estimated Critical Pressure: -999 psi 


Delineated AoR: 


      Shapefile or KML File Showing Delineated AoR: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-


PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_24.pdf 


 


Corrective Action 


 


Area of Review and Corrective Action Plan [40 CFR 146.82(a)(13) and 146.84(b) or applicable state
requirements] 


      Are you making an Area of Review and Corrective Action Plan submission at this time?: Yes 


Reason for Project Plan Submission: Permit application submission 


Project Plan Upload 


      Attach the Area of Review and Corrective Action Plan: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-



https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_21.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_21.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_22.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_22.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_25.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_25.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_23.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_23.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_24.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/CBI_AOR_24.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/Section--3_Area--of--Review-----Corrective--Action_Redacted.pdf





PreConstruction/AoRModeling-01-31-2023-1217/Section--3_Area--of--Review-----Corrective--Action_Redacted.pdf 


Appendices and Supporting Materials Upload 


      Attach Any Supporting Documentation for the AoR and Corrective Action Plan: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-


0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/Section--2_Plume--Model_Redacted.pdf 


 


Area of Review Reevaluation [40 CFR 146.84(e) or applicable state requirements] 


      Minimum fixed frequency of AoR reevaluation: 5 Years 


      Are you making an Area of Review reevaluation submission at this time?: No 


Reevaluation Background 


Reevaluation Materials 


          Please upload your amended AoR and Corrective Action Plan on the previous tab. 


 


Complete Submission 


Authorized submission made by: Michael Blincow 


For confirmation a read-only copy of your submission will be emailed to:    rshah@elysian.cc 



https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/Section--3_Area--of--Review-----Corrective--Action_Redacted.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/Section--2_Plume--Model_Redacted.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-TX-0009/Phase1-PreConstruction/AoRModeling-01-31-2023-1217/Section--2_Plume--Model_Redacted.pdf
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